patterns of synaptic stimulation where down-regulating levels following ISO washout (fEPSPs were 105.7% Ϯ 3.1% of baseline 45 min after ISO application, n ϭ 6). protein phosphatase activity may be more important for the induction of LTP. We have thus reinvestigated However, 5 Hz stimulation delivered in the presence of ISO induced a persistent enhancement of synaptic whether ␤-adrenergic receptor activation of the cAMP/ PKA signaling pathway enhances CA1 LTP by examining transmission ( Figure 1A ; fEPSPs were potentiated to 179.4% Ϯ 12.5% of baseline) that was inhibited by the whether the ␤-adrenergic receptor agonist isoproterenol (ISO) enhances the induction of LTP by a low frequency NMDA receptor antagonist APV (fEPSPs were 122.5% Ϯ 7.3% of baseline after 5 Hz stimulation in ISO plus 100 stimulation protocol (3 min of 5 Hz stimulation) that appears to be near threshold for inducing LTP (Mayford M APV, n ϭ 8, t(7) ϭ 3.93, p < 0.01 compared with 5 et al., 1995) .
Hz stimulation in ISO). Consistent with the effects of APV, which suggest that the potentiation induced by 5 Hz stimulation in ISO is largely due to the induction of NMDA receptor-dependent LTP, prior induction of Results saturating levels of LTP using multiple trains of high frequency stimulation (see Experimental Procedures) In hippocampal slices from 3-to 5-week-old animals, occluded the potentiation induced by 5 Hz stimulation 3 min of 5 Hz stimulation delivered to the Schaffer colin ISO (fEPSPs were 104.7% Ϯ 13.6% of baseline after lateral/commissural fibers in the CA1 region had no 5 Hz stimulation in ISO was delivered to potentiated long-term effects on synaptic transmission ( Figure 1A , synapses, n ϭ 6, not significantly different from baseline, field excitatory postsynaptic potentials [fEPSPs] were t(5) ϭ 1.07). 104.2% Ϯ 4.1% of baseline 45 min after 5 Hz stimulaBy enhancing CA1 pyramidal cell excitability (Hegintion). Although a 10 min application of ISO (1. Figure 1 ), that long (but not short) trains of 5 Hz stimulation induce depotentiation, a depression of synaptic that inhibits protein phosphatase 1 (Lisman, 1994) .
This hypothesis suggests that ␤-adrenergic receptor activation enables the induction of LTP during 3 min of 5 Hz stimulation by stimulating cAMP production and activating PKA. Consistent with this, forskolin (50 M), a direct activator of adenylyl cyclase, enabled the induction of LTP by 3 min of 5 Hz stimulation, while the inactive forskolin analog 1,9-dideoxy-forskolin had no effect ( Figure 3A) . Moreover, the potentiation produced by 3 min of 5 Hz stimulation in 0.5 M ISO was significantly inhibited by H89 (10 M, 1-4 hr pretreatment), a selective PKA inhibitor ( Figure 3B ). H89 had no effect on LTP induced with 100 Hz stimulation (in vehicle control experiments [0.2% DMSO], fEPSPs were 183.0% Ϯ 27.4% of baseline 60 min posttetanus, n ϭ 7, and were 183.0% Ϯ 21.1% of baseline in slices treated with 10 M H89, n ϭ 8), suggesting that PKA is not an essential component of the protein kinase cascade responsible for the early phases of LTP (Weisskopf et al., 1994;  however, see Blitzer et al., 1995; Musgrave et al., 1993) . Instead, in addition to its role in the late, protein synthesis-dependent phase of LTP (Frey et al., 1993) , the present data show that PKA may also be part of a modulatory pathway that enables the induction of LTP by low frequency stimulation. In addition, since H89 had no effect on LTP induced with high frequency stimulation, it seems unlikely that H89 inhibited the induction of LTP by 5 Hz stimulation in ISO through nonselective effects on the serine/threonine and tyrosine kinases required for the induction of LTP by high frequency stimulation (Bliss and Collingridge, 1993) . Does ␤-adrenergic receptor activation selectively enable the induction of LTP by long trains of 5 Hz stimulation through a PKA-mediated inhibition of protein phosphatases? To address this question, we examined whether the protein phosphatase 1 and 2A inhibitor calyculin A (CA, Ishihara et al., 1989) mimicked the effects of ISO on the induction of LTP by 5 Hz stimulation. As shown in Figures 4A-4C , in slices pretreated with CA Studies of hippocampal LTD suggest that low freactivation prevents protein phosphatase 1 activation by opposing the dephosphorylation of inhibitor 1 by calquency synaptic stimulation activates protein phosphatase 1 via activation of the Ca 2ϩ -dependent phosphatase cineurin. This second hypothesis suggests that PKA inhibitors should block the induction of LTP by short trains calcineurin and subsequent dephosphorylation of a phosphatase 1 regulatory protein such as inhibitor 1 of 5 Hz stimulation and, if PKA activation normally acts by suppressing the activation of protein phosphatase (Mulkey et al., 1993 (Mulkey et al., , 1994 . It was thus somewhat surprising that ␤-adrenergic receptor activation or pharmaco-1, then the ability of PKA inhibitors to block LTP should be overcome by pharmacological inhibition of protein logical inhibition of protein phosphatase 1 had no effect on LTP induced by short trains of 5 Hz stimulation, since phosphatase 1. Consistent with this, we observed that the induction of LTP by 30 s of 5 Hz stimulation was even short periods of 5 Hz stimulation could at least partially activate protein phosphatases and inhibiting blocked by the PKA inhibitor H89 and that this inhibition was overcome by preincubation in CA ( Figure 4D ). these phosphatases should favor the induction of LTP. One possibility is that the levels, or more likely the duration, of Ca 2ϩ influx during short trains of 5 Hz stimulation Discussion is simply not sufficient to activate the calcineurin-dependent pathway leading to protein phosphatase 1 acti-␤-Adrenergic Receptor Activation Modulates the Induction of CA1 LTP, Perhaps by Opposing vation. Alternatively, since NMDA-receptor mediated increases in intracellular Ca 2ϩ will also increase intracelProtein Phosphatase Activity Our results show that ␤-adrenergic receptor activation lular levels of cAMP (Chetkovich and Sweatt, 1993) through stimulation of Ca 2ϩ -dependent isoforms of adestrongly modulates the induction of LTP in the CA1 region of the hippocampus. However, this modulation is nylyl cyclase (Blitzer et al., 1995; Cooper et al., 1995) , a second possibility is that, while calcineurin may be highly activity-dependent, ␤-adrenergic receptor activation had no effect on the amount of potentiation induced activated during short trains of 5 Hz stimulation, PKA by short periods of 5 Hz stimulation, but was required interpretation of how ␤-adrenergic receptor activation for the induction of LTP by long trains of 5 Hz stimulation.
modulates CA1 LTP, assumes a pivotal role for inhibitor How is this selective, activity-dependent modulation of 1 as the site where PKA and calcineurin converge to LTP achieved? Our results, along with previous findings control phosphatase activity and thus modulate the in-(O' Dell and Kandel, 1994) , suggest that long trains of 5 duction of LTP. However, it has recently been demonHz stimulation fail to induce LTP not because they fail strated that ␤-adrenergic receptor activation, through to activate the protein kinases responsible for LTP but activation of PKA, can directly overcome the calbecause they also activate protein phosphatases that cineurin-mediated inhibition of NMDA receptor ion oppose the induction of LTP. Recent reports suggest channel activity (Raman et al., 1996) . Thus, ␤-adrenergic that for certain patterns of synaptic stimulation PKA may receptor activation may enable the induction of LTP by have an important role in CA1 LTP by activating a gatelong trains of 5 Hz stimulation by opposing the actions like signaling pathway that enables the induction of LTP of calcineurin on NMDA receptor-mediated Ca 2ϩ influx by inhibiting protein phosphatases (Blitzer et al., 1995;  instead of (or perhaps in addition to) opposing the ac- Iyengar, 1996) . Although our results do not conclusively tions of calcineurin on inhibitor 1. demonstrate the precise mechanism by which ␤-adrenergic receptor activation modulates low frequency stim-␤-Adrenergic Receptor Modulation of CA1 LTP ulation-induced LTP, they are consistent with the hyMay Be Important in Memory Formation pothesis that ␤-adrenergic receptor activation acts Although repetitive activation of excitatory synapses in through this PKA-dependent gate-like mechanism and the CA1 region of the hippocampus at 5 Hz is sufficient thus enables the induction of LTP by patterns of synaptic to activate the protein kinase-dependent signaling casactivity that activate protein phosphatases, while having cade responsible for LTP, our results suggest that prolittle effect on the induction of LTP by patterns of synaplonged periods of synaptic activity at this frequency tic activity that do not significantly activate protein phoswill also activate protein phosphatases that inhibit the phatases. Importantly, we have not tested whether induction of LTP. This may provide a mechanism for ␤-adrenergic receptor activation and protein phosphapreventing persistent changes in synaptic strength by tases specifically interact postsynaptically to control the low frequency (5 Hz) patterns of synaptic activity that induction of LTP by 5 Hz stimulation. Thus, it remains occur for extended periods of time in the absence of a possibility that ␤-adrenergic receptor-mediated PKA behaviorally significant events. However, our results activation and protein phosphatases interact presynapsuggest that activation of noradrenergic projections to tically, or even act through signaling pathways on oppothe hippocampus (Loy et al., 1980) , for instance during site sides of the synapse, to modulate the induction of periods of heightened emotional arousal, will strongly LTP. However, our hypothesis that the activity-depenenhance the induction of LTP by these patterns of syndent effects of ␤-adrenergic receptor activation on low aptic activity and suggest a cellular mechanism for unfrequency stimulation-induced LTP arise via PKA moduderstanding the role of ␤-adrenergic receptor activation lation of protein phosphatases is consistent with recent in the enhancement of memory formation that occurs reports showing that postsynaptic PKA modulation of during emotional experiences (McGaugh, 1989 (McGaugh, , 1990 ; postsynaptic protein phosphatases has an important Cahill et al., 1994 ; also see Dahl and Li, 1994 ; Huang role in the induction of high frequency stimulationand Kandel, 1996) . Moreover, G i-linked receptors for induced LTP (Blitzer et al., 1995) and that ISO, by activatserotonin, GABA, and glutamate can potentiate ining PKA, antagonizes the effects of calcineurin on the creases in cAMP following ␤-adrenergic receptor activa-NMDA receptor ion channel in cultured hippocampal neurons (Raman et al., 1996) . tion (Andrade, 1993; Gereau and Conn, 1994b ; Bourne The mechanisms whereby protein phosphatases are and Nicoll, 1993) presumably because Gi ␤␥ subunits selectively activated during long, but not short, trains enhance the activity of the type II adenylyl cyclase stimuof 5 Hz stimulation are unclear. Our results shown in lated following ␤-adrenergic receptor activation (Tang Figure 4D are consistent with the hypothesis that PKA and Gilman, 1991; Federman et al., 1992 ; Cooper et al., activation following increases in cAMP generated by 1995). This suggests the intriguing possibility that the Ca 2ϩ -sensitive isoforms of adenylyl cyclase opposes the signaling processes activated by ␤-receptor activation activation of protein phosphatase 1 by calcineurin durnot only have a powerful modulatory influence on the ing short trains of 5 Hz stimulation. However, it appears induction of LTP but may in turn be modulated by other that this mechanism is unable to prevent protein phostransmitters. This could provide an important point of phatase 1 activation during longer trains of 5 Hz stimulaconvergence where the influence of numerous neurotion. One reason for this may be that during longer trains transmitters could be integrated to control the induction of 5 Hz stimulation Ca 2ϩ influx through the NMDA recepof LTP. If so, this adds an extraordinary level of flexibility tor ion channels activates calcineurin, which in turn inand complexity to how synapses may use a LTP-like hibits NMDA receptor ion channel activity (Lieberman mechanism to persistently alter the strength of excitand Mody, 1994; Tong et al., 1995 activating protein phosphatase 1 through dephosphoryfEPSPs in stratum radiatum of the CA1 region of 400 m thick slices of C57BL/6 mouse hippocampus. Slices were maintained (at lation of inhibitor 1. Importantly, this model, and our
